The monoamine and intracellular calcium systems are two major elements of nervous system functions. However, their role in human brain development is unclear. We studied the association between activity of monoamine and intracellular calcium systems during prenatal life and subsequent psychomotor performances in healthy children. We used prospective data from 247 children followed from birth through 6 y of age. Among those, 195 were examined at 9 mo using the Brunet-Lézine Scales, whereas 126 were examined at 3 y and 100 at 6 y using the McCarthy Scales of Children's Ability. A blood sample was collected from the umbilical cord to measure levels of dopamine and serotonin metabolites (homovanillic acid and 5-hydroxyindoleacetic acid, respectively) and ATPase activities (Na ϩ K ϩ -ATPase and Ca 2ϩ Mg 2ϩ -ATPase). The hand skill score at 6 y of age was significantly and negatively correlated with ATPase activities and with monoamine metabolite concentrations. No other cognitive score was related to biochemical measures at birth. Results were adjusted for child's sex, mother's educational level, duration of labor, and tea consumption. Composite scores of ATPase activities and monoamine metabolite concentrations measured at birth explained 29% of hand skill score variance at 6 y. Our results demonstrate the importance of prenatal factors on monoaminergic and ATPase activities in early human psychomotor development. This study also suggests that specific psychometric measures such as fine motor tests may be a better developmental measurement to correlate with biochemical factors than general cognitive scales. The monoamine system, which includes the major neurotransmitters dopamine and serotonin, is likely to play an important role in brain development (1). Secretion of monoamines begins early in development of the human embryo (2). The perinatal period is characterized by high levels of secretion and oxidation of monoamines, with a subsequent decrease during early childhood (3). Monoamines have a neurotrophic effect on differentiation and growth of neural tube cells (4).
Biochemical mechanisms involved in child development are only partly understood. Current knowledge is based on experimental and clinical studies, which are limited because of extrapolation from animal or human studies of small sample size.
The monoamine system, which includes the major neurotransmitters dopamine and serotonin, is likely to play an important role in brain development (1) . Secretion of monoamines begins early in development of the human embryo (2) . The perinatal period is characterized by high levels of secretion and oxidation of monoamines, with a subsequent decrease during early childhood (3) . Monoamines have a neurotrophic effect on differentiation and growth of neural tube cells (4) .
Insults occurring during the perinatal period, such as hypoxicischemic lesions, exposure to pharmaceutical substances, or infection, often lead to motor disturbances, which persist until school age (5) . Severe asphyxia at birth is responsible for a reduction in dopamine neurons, and the intensity of this reduction is correlated with the degree of motor disturbance (6) . The genetic syndromes that affect the metabolism of monoamines manifest themselves by motor disturbances starting at birth (7) , and even an early therapeutic intervention that ensures normal cognitive development does not have a positive effect on manual dexterity (8) . Upstream, metabolism of the monoamine system is regulated in part by the activity of MAO. Oxidation of dopamine is a known source of free radicals that are particularly harmful to membranes (9) . A study showed that the activity of MAO is in part genetically predetermined and that its high activity can be associated, in normal subjects, with right hemisphere activity and a motor disinhibition (10) . Additionally, numerous animal studies illustrated the adverse effects of maternal psychological stress and prenatal chemical exposures on functioning of the monoaminergic system and on postnatal behavior (1) .
Intracellular calcium regulation is another major factor of nervous system development. Intracellular calcium plays an important role in neuronal growth and is one of the factors responsible for monoamine release (11) . A gradient between intracellular and extracellular calcium is necessary for normal functioning of the cell. Intracellular calcium accumulation appears to mediate the neurotoxic effects of excitatory neurotransmitters and of other chemicals (e.g. metal ions and organotin compounds) (12) . Intracellular calcium concentration depends on membrane ionic transport by enzymes such as Na ϩ K ϩ -ATPase and Ca 2ϩ Mg 2ϩ -ATPase of the plasma membrane, which are two of the determining factors of intracellular calcium regulation (13) . Ca 2ϩ Mg 2ϩ -ATPase is directly involved in intracellular calcium regulation, being a specific enzyme for calcium extrusion through the plasma membrane. Na ϩ K ϩ -ATPase is responsible for the electrochemical gradient of the plasma membrane and for the flow of calcium ions through the voltage-dependent ion channel, as well as calcium transport through the Na ϩ /Ca 2ϩ -exchanger (14) . These two enzymes, Na ϩ K ϩ -ATPase and Ca 2ϩ Mg 2ϩ -ATPase, depend heavily on the presence of ATP, and can also indicate an energy deficit in the cell (15) .
Based on this current knowledge we hypothesized that during the early period of rapid development of the nervous system, the monoaminergic system (serotonin and dopamine) and ATPase activities play a role in subsequent psychomotor development of the normal child. To our knowledge, no study has been carried out to elucidate the role of ATPase systems in child development, and only two longitudinal studies have examined the associations between healthy infant behavior and the monoaminergic system. Constantino and Murphy (16) reported a positive relationship between cerebrospinal fluid concentration of 5-HIAA and sociability score at 9 mo, but this result was not confirmed at age 18 -21 and 30 mo (17, 18) . Rapoport et al. (19) found a positive correlation between DBH activity (an enzyme that converts dopamine into norepinephrine) and hyperactivity at 5 and 12 mo.
Using a prospective and epidemiologic approach, we took into account the effect of several known cofactors of human psychomotor development to study healthy children from birth to age 6. Plasma HVA and 5-HIAA measurements are largely used in clinical studies, and correlate with concurrent cerebrospinal fluid levels (20, 21) . Erythrocyte ATPase activities (Na -ATPase) were used as models for neuronal membrane activities because isoforms observed in red blood cells also exist within neuronal membranes (13, 22) . Erythrocyte ATPase activity is used to study intracellular calcium metabolism in bipolar disorders in psychiatric research (23) . Therefore, we measured peripheral monoamine metabolites (HVA and 5-HIAA in blood plasma) and erythrocyte ATPase activities as possible surrogate indicators of the level of activity in the brain.
METHODS

Study population.
Two hundred forty-seven Caucasian mother and newborn pairs were recruited in the Robert Debré Maternity Hospital. This large pediatric hospital predominantly serves the suburbs and the northeastern section of Paris, France, and counts approximately 3000 births annually. Mothers consuming any illicit drugs were not included in the study. Stillbirths, multiple births, newborns with acute distress, pregnancies under regular drug treatment, and births by cesarean section or at a gestational age less than 37 wk were excluded. All other newborns born between 0900 h and 1700 h were enrolled 2 d a week. Participation in the study was proposed only to women eligible with respect to the inclusion criteria. The study protocol was approved by the Robert Debré Maternity Hospital, and informed consent was signed by all participants. On average, participants had a high educational level, i.e. higher than the national level. Information regarding obstetrical history was obtained from medical records. Detailed information about drugs, coffee, tea consumption, and smoking during pregnancy was obtained from interview with each mother and the medical records. At age 9 mo, one child was excluded from the cohort because of medically confirmed congenital malformation and psychiatric signs.
Study design. A sample of blood was collected from the umbilical cord to measure monoamine metabolites and ATPase activities. Methods of Ca 2ϩ Mg 2ϩ -ATPase activity and monoamine metabolite measurements were reported previously (24, 25) . The Na ϩ K ϩ -ATPase activity was measured by the same colorimetric method based on ouabain reaction. During followup, the children underwent three psychological examinations (at 9 mo, 3 y, and 6 y of age). From the initial population of 247 children at birth, 195 were examined at 9 mo, 126 at 3 y, and 100 at 6 y. Sixty percent of the initial population was lost to follow up only because of moving out, and not because of refusal to participate in the study.
Because it is the only psychomotor test validated in France that is suitable for the age group studied, psychological assessment was performed through the Brunet-Lézine Scales at 9 mo of age (26) . The Brunet-Lézine Scales give the developmental quotient (QD), a global measure of psychomotor development. The McCarthy Scales of Children's Ability (27) were performed at 3 and 6 y of age. The McCarthy Scales were standardized in 1975 based on a representative French population. The McCarthy GCI includes 15 tests and evaluates vocabulary, memory, quantitative, and perceptive abilities. The Motor Scale includes five motor tests, two of which are also included in the GCI.
Statistical analysis. The principal component analysis (FACTOR procedure) with orthogonal matrix rotation (Varimax) (28) was used to determine the relations within psychometric and biochemical variables. The STEPWISE procedure was performed to look for potential cofactors. Then, the relationships between the psychometric scores and biochemical factors were examined using multiple regression models (GLM procedure). All statistical analyses were performed using SAS version 8 (29) .
RESULTS
Population characteristics and variables selected for analysis. Table 1 shows the characteristics of the mothers and those of their children recruited at birth. The characteristics of the follow-up group were not significantly different from those of the original group. Table 2 shows the means and standard deviations of the levels of monoamine metabolites and ATPase activities at birth, and the psychomotor scores at 9 mo, 3 y, and 6 y of age. In our population, the McCarthy GCI scores were approximately 20 points higher than the expected population mean because this sample was of high socioeconomic level and the Flynn effect (30) is not excluded.
In a principal component analysis of the items from the McCarthy motor scale, tests involving fine manual manipulation were correlated among themselves and constituted a first component (Table 3) . A hand skill score was constructed summing up the z scores (difference between observation's value and variable's mean, divided by variable's SD) of the items that composed the first component. The hand skill score seems more specific as a measure of manual performance than the motor scale proposed by McCarthy. Mean age-adjusted hand skill score was 0.002 (SD, 2.3) at 3 y and 0.04 (SD, 2.0) at 6 y.
Two general indices, the McCarthy GCI and the hand skill score, were selected for the analyses.
The monoamine and membrane ATPase measurements were found to form two scores: MONO and ATP (Table 4 ). The z scores of HVA and 5-HIAA measures are summarized in the score MONO, and the z scores of ATPase measures make up the score ATP. The MONO score reflects the degree of monoamine degradation, and the ATP score yields the activity of membrane active cationic transport. Both scores are positively correlated (r ϭ 0.17, p ϭ 0.01, n ϭ 208).
Cofactor effects on retained variables. We tested the relationships among McCarthy GCI, hand skill, MONO, and ATP scores and potential cofactors. Stepwise regression was used to identify major cofactors with these scores as the dependent variables. Independent variables were mother's age, educational level, duration of labor, and consumption of tea, coffee, alcohol, and smoking during pregnancy, and child's sex, gestational age, and birth weight. Among 10 cofactors tested, only tea consumption during gestation was associated with both biologic and most psychometric scores. The relationship between the duration of labor and the MONO score confirms that There was no significant difference between the characteristics of children followed at 6 years and those lost to follow-up (nonparticipants). * Mean Ϯ SD (n).
There was no significant difference between the characteristics of children followed at 6 years and those lost to follow-up (nonparticipants). 360 monoamine oxidation is increased at birth. The variables "child's sex" and "mother's educational level" influenced most of the psychometric scores. Because these four cofactors (child's sex, mother's educational level, duration of labor, and tea consumption) may have a potential influence on the relationships between the biologic and psychometric scores, they were included in subsequent multiple regression models. Relationships between biochemical measures at birth and psychometric scores at 9 mo, 3 y, and 6 y. We did not find significant relationships between the ATPase and monoaminergic activities, and Brunet-Lézine developmental quotient at 9 mo of age (p Ͼ 0.50 for both), McCarthy GCI at 3 y of age (p Ͼ 0.40 and p Ͼ 0.80, respectively), and the McCarthy GCI at 6 y of age (p Ͼ 0.30 and p Ͼ 0.20, respectively). The hand skill score at 6 y of age was significantly negatively correlated with ATPase activities (r ϭ Ϫ0.21, p Ͻ 0.05 for Na ϩ K ϩ -ATPase; and r ϭ Ϫ0.37, p Ͻ 0.001 for Ca 2ϩ Mg 2ϩ -ATPase; n ϭ 100) and with monoamine metabolite concentrations (r ϭ Ϫ0.32, p Ͻ 0.01, n ϭ 83 and r ϭ Ϫ0.25, p Ͻ 0.05, n ϭ 86 for HVA and 5-HIAA, respectively).
The hand skill scores at 3 and at 6 y were negatively correlated with ATP score at birth (r ϭ Ϫ0.19, p Ͻ 0.05 and r ϭ Ϫ0.43, p Ͻ 0.0001, respectively). The hand skill score at 6 y was negatively correlated with MONO score (r ϭ Ϫ0.37, p Ͻ 0.001), but not at 3 y of age (p Ͼ 0.40). Table 5 summarizes these relations. The motor tasks not included in the hand skill score were not significantly correlated with MONO or ATP scores: the correlation coefficients between "leg coordination" or "imitative action" at 6 y and ATP score were Ϫ0.09 and 0.09, respectively; and for MONO score, Ϫ0.14 and 0.02, respectively.
In a multiple regression model in which hand skill score at 6 y of age was the dependent variable and ATP and MONO scores were the independent variables, the ATPase and monoaminergic activities explained 29% of the hand skill score variance.
DISCUSSION
This epidemiologic study examined relationships between ATPase and monoaminergic activities with psychomotor performance among a healthy child population. Fine motor performance at 6 y of age, estimated by a hand skill score, was negatively related to ATPase activities and monoamine metabolite concentrations measured at birth. Precisely, ATPase activities and monoamine metabolite concentrations were shown to explain 29% of the hand skill score variance at 6 y of age. However, motor performance at 3 y of age was related to ATPase activities but not to monoamine metabolite concentrations, and motor performance measured at 9 mo was not related to any of these biologic measures.
Interestingly, the increase of HVA and 5-HIAA as a function of labor duration confirms the fact that the monoaminergic system reacts to birth stress, and that oxidation of monoamines increases at birth (31) . Taking into account labor duration, the negative association between HVA and 5-HIAA levels and hand skill score at 6 y persisted. This may suggest an antenatal link between monoamines and motor development, which could be of genetic origin or depend on the intrauterine environment. Animal studies also showed that prenatal maternal stress alters the monoaminergic projections on the cortex and provokes behavioral disturbances that can persist into adulthood (1).
The increase of dopamine and serotonin liberation or increased MAO activity could contribute to enhanced HVA and 5-HIAA levels. MAO activity can be genetically predetermined and can also be influenced by the familial environment (32) . However, the effect of the environment can be reduced in studies when the measurement is performed at birth. Newborns with a lower activity of MAO are reportedly more active (33) . In healthy adults, a low MAO activity is associated with activation of the right cerebral hemisphere and frontal activity, which leads to motor disinhibition. In psychomotor tests, in- dividuals with low MAO activity manifest a preference for speed over precision (10) . These observations support our hypothesis that monoamine metabolites measured at birth could be in part genetically predetermined by enzymatic activity, and therefore associated with subsequent manual performance of the child. The selective correlation of monoamine metabolism and fine motor functions is in agreement with another study carried out on normal elderly people, among whom measures of concurrent plasma HVA were performed. This study showed that handwriting tests were the most sensitive in detecting dopamine deficiency in normal subjects (34) . More recently, a positive association, independent of age, has been observed between fine motor performance and the number of dopamine receptors (35) . These studies examine the association between concurrent levels of monoamines and fine motor performance. It is known that, in the developing brain, a temporary negative influence on the monoaminergic system could result in a permanently underdeveloped system (36) . The observed relationship between MONO score and motor performance may be the result of genetic factors that translate a higher MAO activity during in utero and childhood life. Biomaterial was not collected through childhood because of ethical considerations. Further investigations are needed to elucidate the relationships between prenatal and postnatal activities of the monoaminergic and ATPase systems.
The strength of the correlation between Ca 2ϩ Mg 2ϩ -ATPase and hand skill score is remarkable. Contrary to the pathologic situation, as with hypoxia for example, in which inhibition of ATPases is caused by a primary energetic deficit or lipid peroxidation, in the physiologic conditions the cell activates the ATPase system for its metabolic needs. For example, an increase of intracellular calcium concentration leads to activation of available Ca 2ϩ Mg 2ϩ -ATPase molecules and to activation of their gene expression (37, 38) . It is known that in the normal physiologic state the cell uses about 40% of ATP stock for only ATPase functioning. It may be suggested that this metabolic mechanism, excessive long-term activation of ATPases, could lead to a relative lack of ATP and deprive other cellular processes of energy sources. It is known also that cerebral zones involved in motor control, such as basal ganglia and the somatosensory cortex, are extremely sensitive to hypoxia in the perinatal period (39) . We suggest that these zones may also be sensitive to energy deficit to a minimum or to intracellular calcium increase.
The lack of association between MONO or ATP scores and developmental quotient at 9 mo may be explained by two hypotheses. First, fine manual performances are in the process of being acquired at that age and cannot be well assessed. Second, Brunet-Lézine Scales are not specific tests for manual coordination and are not predictive of subsequent cognitive performances in the normal child (26) . In an interim analysis of the present study, a weak and negative association between Brunet-Lézine Scales and HVA and 5-HIAA levels was reported (25) . However, these interim analyses were based on data with a high number of missing values.
CONCLUSIONS
In summary, activities of the monoaminergic and membrane ATPase systems during the prenatal period are negatively associated with development of fine motor activities in children at age 6 y. This finding highlights the importance of prenatal factors influencing the monoaminergic and ATPase activities on motor development and could be explained by higher vulnerability of neuronal populations involved in visuomotor circuits to the effects of unknown factors influencing cationic membrane transport and monoamine degradation in utero. This finding may lead to further clinical and experimental research to better understand biochemical mechanisms involved in early cerebral development. Moreover, monoamine and ATPase measurements at birth may be a useful clinical tool to correlate with subsequent child psychomotor performances. This study also suggests that specific psychometric measures such as fine motor tests may be a better developmental measurement to correlate with biochemical measurements than general cognitive scales.
Our results highlight the importance of intrauterine functioning on monoaminergic and membrane ATPase systems in early human psychomotor development. Recently, it was demonstrated that development of motor circuits in humans is different from that in other species such as rodents and monkeys used in experimental studies, which underscores the need for an epidemiologic approach to estimate some of the factors involved in the development of the human motor system. Finally, given that an epidemiologic approach cannot support causal inferences and only shows associations, our findings need to be confirmed by experimental and other epidemiologic studies.
